SUMMARY Whether the calcium entry blocker, nimodipine, prevents the increase in the concentration of free fatty adds and metabolic disturbances during ischemia and promotes functional and metabolic recovery after reclrculation were examined.
SUMMARY Whether the calcium entry blocker, nimodipine, prevents the increase in the concentration of free fatty adds and metabolic disturbances during ischemia and promotes functional and metabolic recovery after reclrculation were examined. Severe forebrain ischemia in rats was induced by four-vessel occlusion with mild hypotension. After 30 minutes of ischemia, recirculation was started by removal of the arterial clamps and by increasing blood pressure to the preischemk level.
Recovery of EEG activity following recirculation was better in the nimodipine-treated group than in the control group. During the ischemic period, there were no significant differences in accumulation of free fatty acids or in depletion of ATP between treated and control groups. At 120 minutes following recirculation, recovery of the ATP level was significantly better in the treated group than in the control group. Therefore, the promotion of functional and metabolic recovery by nimodipine-treatment is suggested to be not due to the prevention of an accumulation of free fatty acids nor to the depletion of ATP during the ischemic period, but to either Improvement of postischemic hypoperfusion or a direct action on metabolic processes during reperfusion period.
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RECENTLY, considerable interest has been centered on the role of calcium in irreversible ischemic brain damage. 1 2 Ischemic depolarization of cell membrane is associated with a precipitous influx of calcium from the extracellular to the intracellular compartment, and, as a consequence, intracellular calcium increase. 3 The elevated cytosolic calcium induces impairment of the mitochondrial function that leads to failure of ATP production and induces activation of Ca 2+ -ATPase resulting in a further reduction of ATP. 4 Increase in Ca mental effects on mitochondrial and plasma membrane functions 8 -9 and to induce brain edema. 10 Moreover, it is suggested that the products of free fatty acids oxidative metabolism may further aggravate ischemic brain damage during the reperfusion period. Calcium entry blockers appear to inhibit calcium entry into cells by so-called slow channels to the cell membrane and to prevent metabolic disturbance and accumulation of free fatty acids during ischemia.
The present study was designed to test whether a calcium entry blocker, nimodipine, prevents increased free fatty acids and metabolic disturbances during the ischemic period and promotes functional and metabolic recovery after recirculation. Methods Twenty-eight male Wistar rats each weighing between 350 and 400 g were used. The bilateral vertebral arteries were electrocauterized through the alar foramina of the first vertebrae under anesthesia with sodium thiopental (40 mg/kg) administered intraperitoneally. The rats were then tracheostomized and immobilized with an intravenous injection of 0.25 mg of alcuronium chloride. Respiration was artificially ventilated with N 2 O (67%) and O 2 (33%). Catheters were inserted into both femoral arteries and a femoral vein for recording blood pressure, arterial sampling, removal of arterial blood, and infusion of drugs and blood. Arterial pCO 2 was kept between 30 and 40 mmHg, and pO 2 above 100 mmHg. Body temperature was adjusted to about 37° C.
The functional state of the brain was assessed throughout the experiment by EEG monitoring. The EEG was continuously recorded from gold-coated copper screws inserted bilaterally in the parietal bones, with the tips in an extradural position, against a reference inserted in the prefrontal bone. EEG activities were recorded on magnetic tape (Sony FRC-1402N). Analysis of the power spectrum of EEG activities was processed by Berg Fourier Analyser (Biomedica).
Severe, incomplete forebrain ischemia was produced by occluding both vertebral arteries and clamping both common carotid arteries, combined with lowering the systolic arterial pressure to 100 mmHg by bleeding. After forebrain ischemia had been maintained for 30 minutes, recirculation was started by removal of the carotid clamps and by increasing blood pressure to the preischemic level by reinfusing the shed blood.
Following the desired ischemic or postischemic periods, the brain was frozen in situ with liquid nitrogen through a plastic funnel fixed to the animal's head," and then chiselled out during irrigation with liquid nitrogen. The brains were stored at -80° C until analysis. The frozen brains (110-360 mg) were weighed, then homogenized in liquid nitrogen, and extracted with IN perchloric acid. The neutralized perchloric acid extracts were analysed to determine the concentrations of ATP, ADP and AMP using high performance liquid chromatography. High performance liquid chromatography was carried out on a Shim-pack CLC-ODS column (6.0 mm I.D. x 15 cm) attached to a Shimadzu LC-5A pump, equipped with a Shimadzu LC injector SIL-1A and a variable wave-length UV detector, Shimadzu SPD-2A, adjusted to 260 nm. The solvent system was 0.2% triethylamine which was brought to pH 6.9 with phosphoric acid. Extraction of free fatty acids from homogenized brain tissue was achieved by mixing the sample with 0.1 N HC1 and diethyl ether. This mixture was shaken for 20 minutes and then centrifuged at 3,000 rpm for 10 minutes. The upper diethyl ether phase was decanted and evaporated to dryness under reduced pressure. Extracted free fatty acids were converted into their p-bromophenacyl esters by reaction with p-bromophenacyl bromide and quantified by high performance liquid chromatography. High performance liquid chromatography was done with two Shimadzu LC-5A pumps equipped with a solvent programmer GRE-3A, Shimadzu LC injector SIL-1A, and a variable wave-length UV detector, Shimadzu SPD-2A, adjusted to 254 nm. The column of choice were two Shim-pack CLC-ODS (6.0 mm I.D. x 15 cm). The eluant program was a gradient acetonitril: water. A gradient from 90% to 100% acetonitril was used.
Nimodipine, 10 /Ag/kg, was given 2-3 minutes before the start of ischemia, and an infusion of 1 fig/kg/ min was continued during the ischemic and postischemic periods.
Statistical differences were calculated with Student's t-test. Values are given as mean ± SE. Table 1 gives the physiological parameters in the experimental groups.
Results
After the start of ischemia by four-vessel occlusion and associated mild hypotension, the EEG became isoelectric within 20-30 seconds in both groups and remained isoelectric during the ischemic period. Following 30 minutes of ischemia in both groups, a spontaneous EEG reappeared after 20 to 30 minutes of recirculation. The EEG power spectrum in the nimodipine-treated animals tended to have a higher percentage of the fast wave component, but a lower percentage of the slow wave component than the control animals ( fig. 1) . Figure 2 shows the percentages of the respective bands of the EEG power spectrum in the SE) in control animals (n = 6) and 2.62 ± 0.10 fimollg (mean ± SE) in nimodipine-treated animals (n = 6) (p < 0.01) ( fig. 3 ). Recovery of the ATP level was significantly better in the nimodipine-treated animals than in control animals.
During the ischemic period, brain free fatty acids (palmitic, stearic, oleic, arachidonic and docosahexaenoic acids), especially arachidonic acid, remarkably increased, but there were no significant differences in either group (table 2) .
Discussion
Ischemic depolarization of cell membranes associated with increased permeability induces influxes of Ca 2+ from the extracellular to the intracellular compartment. 12 4 At the same time, the accumulation of Ca 2+ could cause the activation of phospholipase A 2 , with formation of free fatty acids, in particular, arachidonic nimodipine-treated (n = 6) and control animals (n = 6). The percentages of alpha and beta bands in the control animals were 26.9%, 29.6% and 33.9% at 60, 90 and 120 minutes of recirculation, respectively, while those in the nimodipine-treated animals were 44.8%, 47.3% and 45.3%. The percentages of delta band in the control were 46.4%, 45.8% and 48.1% at 60, 90 and 120 minutes of recirculation, while those in nimodipine-treated animals were 26.8%, 21.8% and 27.3%. Thus, recovery of EEG activity was significantly better in nimodipine-treated animals than in control animals. The concentration of ATP in the rat cerebral hemisphere before ischemia was 2.87 ± 0.13 /i.mol/g (mean ± SE) (n = 4). At the end of 30 minutes of ischemia, concentrations of ATP was 0.19 ± 0.03 /imol/g (mean ± SE) in control animals (n = 6) and 0.27 ± 0.03 fj.moVg (mean ± SE) in nimodipinetreated animals (n = 6) (Fig. 3) . At the end of 30 minutes of ischemia, the adenine nucleotide pool energy charge was 0.18 ± 0.03 (mean ± SE) in control animals and 0.22 ± 0.03 (mean ± SE) in nimodipinetreated animals. Thus, during the ischemic period, brain ATP concentration and adenine nucleotide pool energy charge decreased markedly in both the nimodipine-treated and control groups with no significant differences between them. At 120 minutes after recirculation, the ATP level was 2.13 ± 0.08 fxmoVg (mean ± acid which is metabolized to prostaglandins and thromboxanes during the recirculation period. 7 Polyunsaturated fatty acids induce edema in slices of rat brain, 10 and free fatty acid inhibits respiratory activity of brain mitochondria and uncouples oxidative phosphorylation. 8 9 Some prostaglandins and thromboxanes are known to be vasoactive 17 and might influence the blood flow during the recirculation phase. Intermediate steps in the biosynthesis of prostaglandins from their precursor, arachidonic acid, are known to produce free oxygen radicals. Free radical formation is potentially harmful since it can cause endothelial cell damage and affect plasma membrane and mitochondrial function.
Control
18 -"
Hearts from rabbits treated with a calcium entry blocker, verapamil or nifedipine have been reported to be protected against ischemia, and ischemia with reperfusion-induced decline in the ATP-generating and O 2 -utilizing capacity of the mitochondria. There was also a less marked increase in tissue and mitochondrial Ca 2+ . Myocardial function was better maintained in the ischemic rabbit heart treated with nifedipine or verapamil. 20 -2 '
The calcium entry blocker flunarizine has been said to have a universal protective effect against cerebral p < 0 . 0 1 hypoxia-anoxia 22 and improve postischemic hypoperfusion. 23 Nimodipine prevented postischemic impaired cerebral reperfusion, and promoted functional recovery after cerebral ischemia. 24 -M While the mechanism of the protective effect of calcium entry blocker against cerebral ischemia is attributed to a cerebral vasodilat-^ ^| ing action, 22 " 25 some authors suggest the involvement of some other unknown mechanism 22 or protection from mitochondrial calcium accumulation. 23 Hossmann et al M observed that postischemic accumulation of calcium in the brain tissue could not be prevented by the calcium antagonist flunarizine. Harris et al 26 reported that residual blood flow after middle cerebral artery occlusion in the baboon was significantly higher with nimodipine than in the controls. However, the threshold levels of blood flow for development of cortical edema and for disturbance of ion homeostasis were increased. With regard to the possible therapeutic use of nimodipine, they indicated that there might be both good and bad effects of this drug.
Increased intracellular free calcium in ischemia may not only originate in the extracellular compartment, but also originate in intracellular organelles. 3 In the present experiment, because we did not measure calcium ion activity, it was not clear whether the calcium entry blocker nimodipine prevented an increase of intracellular Ca 2+ during ischemia. However, because there were no significant differences in the degree of accumulation of brain free fatty acids nor in the decrease in ATP levels after 30 minutes of ischemia, promotion of functional and metabolic recoveries after recirculation in the nimodipine-treated animals may not be due to prevention of accumulation of free fatty acids or decrease in the ATP level during the ischemic period. Much of the extracellular calcium becomes intracellular during ischemia 12 and total brain calcium content rises during reperfusion following cerebral ischemia. 13 l4 It might rather be assumed that nimodipine inhibits the precipitous rise in the cytosolic Ca 2+ concentration of the neurons and, therefore, less ATP was necessary for the restoration of Ca 2+ homeostasis in the reperfusion period. On the other hand, because nimodipine increases postischemic cerebral blood flow, 24 M there is a possibility that promotion of functional and metabolic recoveries after recirculation in the nimodipine-treated animals is due to improved postischemic hypoperfusion. Whether the effect of nimodipine on postischemic functional and metabolic recovery is produced by its direct action on the meta- Values are means ± SE. FFA = free fatty acid; Total FFA includes palmitic, oleic, stearic, arachidonic and docosahexaenoic acids. bolic process or by changes in postischemic cerebral blood flow, or a combination of these effects, could not be defined by the present experiments. Further investigations are necessary to resolve this question.
